Abstract: Strain hardening cementitious composites are a class of cementitious materials showing metal-like (i.e. pseudo-plastic) behavior in tension due to their multiple cracking ability. This is commonly achieved through use of fiber reinforcement (such as PVA) or, similarly, textile reinforcement (TRC). Increasing the ductility is important in applications such as e.g. earthquake zones, where this enables absorption of large amounts of energy. On the other hand, tight cracks are important for ensuring the protection of the reinforcing steel and hence the durability of a reinforced concrete structure. This research presents an alternative approach -creating strain hardening cementitious composites by using additively manufactured (3D printed) polymeric meshes instead of fiber or textile reinforcement. Different designs of polymeric meshes were manufactured and cast in mortar. They were subsequently tested in four-point bending and uniaxial tension. The results show that properly designed polymeric meshes enabled deflection hardening or strain hardening to be achieved, either through slip hardening of the polymeric reinforcement or through multiple microcracking. Furthermore, it was possible to create a simple functionally graded cementitious composite, in which denser reinforcement was used in the constant moment region of the 4-point bending specimen compared to the outer regions, without loss of ductility. This study shows great potential of 3D printing for customization of cementitious composites.
INTRODUCTION
Concrete is a versatile construction material with excellent properties. It is cheap, durable, and widely available. Concrete is, however, susceptible to cracking: although it has good compressive strength, it is relatively weak in tension. The brittleness of concrete can be overcome to a certain extent through use of fibres, such as steel or glass fibres [1] . A new class of ultraductile cementitious compositesstrain hardening cementitious composites (SHCCs) -has been under development since the 90's. SHCCs are able to achieve very high strain capacity (several %) through controlled tightly spaced microcracking of the matrix [2] . This is achieved through micromechanical design and a small amount of PVA fibres (2%). However, in practical applications, problems arise with fibre agglomeration and preferential orientation of fibres following concrete flow during casting. If textile reinforcement is used (in textile reinforced concrete -TRC), such problems can be avoided.
In the past few years, a viable alternative to textile reinforcement has emerged. Additive manufacturing (commonly referred to as 3D printing) enables creation of polymeric microreinforcement with complex shapes. In recent years, several publications have been devoted https://doi.org/10.21012/FC10.235158 to this: Nam et al. [3] created random polymeric networks for replacing fibre reinforcement with fused deposition modelling (FDM) technique; Rosewitz et al. [4] used FDM to create biomimetic architectures to reinforce brittle mortar and enhance its mechanical response. It is clear that 3D printing offers numerous possibilities for replacing conventional fibre reinforcement.
Herein, we present the development of cementitious composites reinforced with 3D printed polymeric meshes [5] . Different geometries were fabricated and tested. Ideally, these composites should have strain hardening behaviour.
EXPERIMENTAL

Materials
Specimens with a cementitious matrix were reinforced with 3D printed polymeric meshes. Reinforcement meshes were manufactured with an FDM based 3D printer, Ultimaker 2+. In FDM, the model is printed layer by layer, by depositing the filament material from the bottom up. This can be a problem if long overhangs are printed, and could result in their low quality. In this initial study, therefore, relatively simple mesh designs are used to avoid issues with printing quality. For the printing material, an acrylonitrile butadiene styrene (ABS) was used as a filament. This material has good resistance to high pH, which makes it a good choice as reinforcement in cement-based materials. Since printing parameters and the printing direction have an influence on the mechanical properties of the mesh [6] , printing was performed in the direction parallel to the normal stress and printing parameters were kept constant for all prints. The parameters are given in Table 1 . The actual fabrication procedure in the 3D printer is shown in Figure 2 . 
Design of reinforcement meshes
Two different mesh designs were printed and tested. The designs are all based on triangular lattices. As shown in Figure 1 , different sizes of triangles were used, as it was expected that the smaller triangles will provide a better reinforcement effect compared to larger triangles. This should, in principle, result in a better global behavior of the specimen. The second design uses larger triangles in the outer parts of the mesh, while the inner part has small triangles. This design was used only for the four-point bending test. The middle part of First A. Author, Second B. Author and Third C. Coauthor the specimen is, in that case, subjected to a constant bending moment and is the area with the highest stresses, thereby needing more reinforcement. This design was an attempt of creating a simple functionally graded material, which "follow" the actual state of stress, something that cannot be done with traditional fiber or textile reinforcement. 
Specimen preparation
Bottom surfaces of printed meshes were sanded for 30 seconds with sand paper prior to casting to remove the glue layer in contact with the build plate of the printer. Reinforcement meshes were placed in Styrofoam molds (190 x 180 x 8 mm) ( Figure  3 ). The mixing of the mortar was as follows: first, solid ingredients were dry-mixed for four minutes in a laboratory mixed (Hobart). Afterwards, water and superplasticizer were added and the mixing continued for another four minutes. Subsequently, the fresh mix was poured into the prepared Styrofoam molds (with reinforcement meshes already in place) and vibrated for 30 seconds. The specimens were covered with plastics for 1 day (uniaxial tension) and 2 days (four-point bending), before demolding. Afterwards, they were cured in a fog room (20 ± 2°C, 96 ± 2%RH). One day before testing, the specimens were cut to appropriate size, as further described.
Four-point bending test
Testing was performed using an INSTRON 8872 testing apparatus under displacement control with a constant rate of 0.01 mm/s. The load was monitored with a load cell, while the deflection was measured by two LVDT's placed at the midspan. The specimen was 180 x 30 x 8mm, with a loading span of 120mm ( Figure 4) . In four-point bending, only small triangles and mix triangle designs were tested, in addition to reference specimens without reinforcement. For each series, 3 specimens were tested at 28 days. As previously described, the mixed triangle design was optimized for this loading setup, with the middle portion having a higher reinforcement ration provided by the smaller triangles. For each specimen, flexural strength and flexural deflection capacity were determined as shown in Figure 5 . 
Uniaxial tensile testing
Uniaxial tensile tests were performed using an INSTRON 8872 apparatus under displacement control with a constant rate of 0.005 mm/s. The load was measured using a load cell, while the displacements were monitored using two LVDTs placed at the specimen sides. Before testing, specimens were glued on two parallel steel plates using a mix of PLEX 7742F glue and Pleximon. Specimen size for uniaxial tension testing was 10 x 30 x 8mm. During testing, images were taken using a digital camera. The images were then used to perform digital image correlation (DIC) analyses. The testing setup is shown in Figure 6 . For uniaxial tension, 2 reference specimens and 4 small triangle specimens were tested. 
RESULTS AND DISCUSSION
Four-point bending tests
Flexural stress/deflection curves (average deflection measured by the two LVDTs) for all specimens tested in four-point bending are given in Figure 7 . A summary of the results is given in Table 2 . As expected, the reference specimens show brittle behavior with a low deflection capacity. On the other hand, specimens reinforced with 3D printed meshes could undertake significantly higher deformation. For the small triangle design, all designs showed obvious deflection hardening behavior, whereby the loading that was reached after the first cracking was higher than the first cracking strength (see Figure 7b ). This was clearly achieved through multiple microcracking, as in "regular" PVA fiber reinforced SHCC: each load drop in the stress/displacement curve signifies an occurrence of a crack. It is even more interesting to note that the mixed triangle series showed deflection hardening achieved through multiple microcracking (Figure 7c ). This specimen series had significantly less reinforcement in terms of percentage due to the fact that a dense reinforcing mesh was used only in the middle portion of the sample, i.e. in the constant moment region exposed to the highest stresses. This simple modification shows great potential of additive manufacturing: it is possible to achieve significant savings in material costs if the reinforcement is designed and manufactured to cover only areas where it is needed (i.e. regions of high stress). Clearly, this is not possible when conventional fiber (Table 2) show that the addition of polymeric reinforcement meshes does not significantly influence the first cracking strength of the specimens. However, flexural strength is clearly increased by adding polymeric reinforcement by 26.2% and 23.4% for the small triangle and the mixed triangle design, respectively. This is clearly a result of deflection hardening in these specimens. The most important improvement is the increase in flexural deflection capacity: by 1516% and 1353% for the small triangle and the mixed triangle design, respectively. Therefore, it was possible to create graded cementitious composites and thereby optimizing material usage. 
Uniaxial tension tests
Results of uniaxial tensile testing are summarized in Table 3 and Figure 8 . It is clear that the reference specimens (i.e. those not reinforced with 3D printed polymeric meshes) exhibit strain softening behavior typical of cementitious materials (Figure 8a ). It has a low strain capacity and fails after a single crack localizes and opens. On the other hand, specimens reinforced with a 3D printed polymeric mesh (small triangle design) show clear strain hardening behavior (Figure 8b ) and have a large strain capacity. This is a result of multiple microcracking (Figure 8c ): the reinforcement is able to bridge the crack and keep it closed in order for other cracks to form. As also shown in Figure 8 , increasing load was recorded in reinforced specimens after the first cracking formed. Again, each drop in the stress/strain curve indicates a formation of a new crack. The specimens finally fail through pullout of the polymeric reinforcement mesh and localization of a single wide crack. For the four tested specimens, the results are quite consistent and show little variation. Compared to the reference specimens, reinforced specimens show a much lower first cracking strength. A reason for this is that the reinforcement might introduce numerous weak spots and/or air voids at the reinforcement/matrix interface, thereby providing numerous initiation points for the cracking. Furthermore, matrix compaction is more difficult in these specimens due to the spacing regions of the reinforcement, also possibly introducing imperfections. When it comes to tensile strength, in reinforced specimens it is higher than the first cracking strength due to the strain hardening. The tensile strain capacity is significantly increased (more than 5000%). These results show that, even with simple reinforcement mesh designs used in this study, there are significant effects. Clearly, there is still room for improvement: more effort should be put in designing the polymeric reinforcement meshes. Furthermore, knowledge of the bond behavior between the mesh and the matrix needs to be acquired for appropriate micromechanical design. This indicates a huge potential that additive manufacturing has in creating strain hardening cementitious composites.
CONCLUSIONS
In this work, a preliminary study of using additively manufactured polymeric meshes as reinforcement for creating strain hardening cementitious composites. Simple reinforcement meshes were designed, manufactured, and tested in four-point bending and uniaxial tension. Based on the performed experiments, the following conclusions can be drawn:
-3D printed polymeric meshes enable creating composites with strain hardening and deflection hardening behavior. This mainly depends on the mesh design in terms of a same matrix.
-The use of 3D printed polymeric reinforcement enables significantly increasing the deflection and tensile strain capacity of cementitious composites compared to the reference material.
-In four-point bending, a simple mesh design (MT) showed great potential of using additive manufacturing for creating functionally graded cementitious composites.
Although this research shows great potential of the proposed approach, there are still many issues that need to be studied. First, in this research, the focus was on the mesh design, while the cementitious matrix was kept constant. It should be noted, however, that the behavior of the composite does not depend only on the design of the reinforcement, but also on the matrix properties [8] [40]. In this research, a matrix with rather low w/b ratio (0.33) was used, resulting in a relatively strong material after 28 days, even higher deflection and strain capacity could be obtained with lower w/b ratio. Furthermore, no detailed knowledge of the bond behavior between the 3D printed polymeric reinforcement and the cementitious matrix is available. This will be a First A. Author, Second B. Author and Third C. Coauthor part of future research. Finally, printing parameters of 3D printing were kept constant in this research. These parameters may significantly influence the properties of the printed reinforcement. This also needs to be investigated further in the future.
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